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A hybrid gene was made by fusing the 2.2-kilobase 5’ promoter region of a mouse group 1 major urinary
protein (Mup) gene to the coding region of the herpes simplex virus type 1 thymidine kinase gene (HSV tk) and
introduced into the genomes of mice by microinjection. Transgenic G, males were sterile, or when fertile did
not transmit the foreign gene, and the transgenic male descendants of G, females were also sterile. Seven
“lines”” were established by breeding from G, females and their transgenic female descendants. Six lines
expressed HSV thymidine kinase activity in the liver, and activity correlated perfectly with the presence of HSV
tk RNA. In three of four lines examined, expression was lower in female than in male liver, and in these lines
the same sex difference was observed in the rate of run-on transcription of the foreign genes in liver nuclei.
When females of one of the sexually dimorphic lines were treated with testosterone, the levels of HSV tk RNA
and thymidine kinase activity were increased, although not to male levels. In these aspects of liver expression,
and also in a lack of expression in seven other tissues, the hybrid gene exhibits many of the characteristics of
an endogenous group 1 Mup gene. However, the gene was also expressed (at high levels) in the preputial gland
and testis, two tissues in which Mup genes are not expressed. The gene, when introduced into five of the seven
lines, carried a copy of the Escherichia coli supF gene attached beyond the 3’ end of the HSV rk gene, but this
did not affect the overall expression pattern. All of the lines were male sterile and expressed HSV thymidine
kinase in the testis, but one line showed no activity in the liver, and another showed none in the preputial gland.
Testicular expression is therefore the likely cause of sterility. Data are described which suggest that the causes
of misexpression in the preputial gland and testis are different. Since expression in each tissue occurred in
several lines, the structure of the hybrid gene must be responsible in each case. Five intensively studied lines
showed at least four consistently different patterns of relative expression in preputial gland, testis, male liver,
and female liver. These differences do not correlate in any way with the copy number of the foreign gene in the

different lines and must be due to some other aspect of line-specific integration.

The mouse major urinary proteins (MUPs) are coded for
by a family of about 35 genes clustered on chromosome 4 (3,
12, 23). Four groups of Mup genes have been identified, the
largest of which are the group 1 genes and the probably inert
group 2 pseudogenes (3, 12, 25, 35, 51; R. Al-Shawi, P.
Ghazal, A. J. Clark, and J. O. Bishop, submitted for publi-
cation). Most group 1 genes are expressed exclusively in the
liver, while a small subset are also expressed in the mam-
mary glands of pregnant females (50, 52). Of the two smaller
groups, the group 3 genes are also expressed in the liver, but
under hormonal control different from the group 1 genes
(35), and the group 4 genes are expressed in the lachrymal
and salivary glands (50, 51).

Female mouse liver contains at least five times less MUP
mRNA than male liver (23), although expression in females
may be rather variable (I. McIntosh and J. O. Bishop,
unpublished data). The difference in mRNA levels reflects
different rates of transcription in the two sexes (18), and
male levels of expression can be induced in females by
administration of testosterone (14, 58). Relevant to the work
presented here, the group 1 genes are regulated by circulat-
ing testosterone (14, 58). We are attempting to identify the
regions in Mup genes which lead to their tissue specificity
and hormone responses. Because liver cell lines which
synthesize MUP are unknown, we are employing transgenic

* Corresponding author.

4821

mice for this purpose. In the first instance we have studied
the expression of a hybrid gene which contains as a reporter
the herpes simplex virus type 1 thymidine kinase gene (HSV
tk) attached to the putative promoter region of the group 1
Mup gene BS6 (11, 13). The hybrid gene was expressed in
the liver of transgenics, and in three of five lines it displayed
a level of sexual dimorphism comparable to that of the Mup
genes. Unexpectedly, it was also expressed consistently and
at high levels in both preputial gland and testis. In all other
tissues examined, RNA and protein products of the hybrid
gene were absent, except that in one line there was expres-
sion in the lachrymal gland. Transgenic males were sterile,
probably because of the presence of HSV thymidine kinase
activity in the testis.

MATERIALS AND METHODS

Construction of hybrid genes. Plasmids were based on
pSV2gpt (43), retaining the 341-base-pair (bp) Pvull-HindIII
simian virus 40 (SV40) enhancer-early promoter region and
the 2,293-bp Pvull-EcoRI portion of pBR322 containing the
origin of replication and the B-lactamase gene. The SV40
enhancer in cis configuration is known to activate the BS6
promoter in transfected rodent fibroblasts, allowing us to
confirm before microinjection that the construct directs the
synthesis of thymidine kinase. Between the HindIII site and
the EcoRlI site the following fragments were inserted (an
asterisk shows that the site was blunt-ended with DNA
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polymerase I): an approximately 2.2-kilobase (kb) HindIII-
Sau3Al fragment of Mup gene BS6 (13); seven nucleotides
of polylinker (GATCCCC); and a 1,759-bp BglII*-BstEIl*
fragment of HSV tk from plasmid pTK1 (59). The plasmid
pSV-BS6-tk-supF was completed with a 10-bp Sall*-
BamHI* fragment of the M13tg130 polylinker (31), a 400-bp
Alul-Xbal fragment of PiVX containing the Escherichia coli
supF gene (49), and a 36-bp Xbal-EcoRI fragment of the
M13tg130 polylinker. Plasmid pSV-BS6-tk-M was completed
with a 57-bp Sall*-EcoRI fragment of the polylinker. The
fragments for microinjection were prepared by digestion
with HindIIl and Kpnl (BS6-tk-supF) or HindIIl alone
(BS6-tk-M), preparative agarose electrophoresis, electroelu-
tion, purification with Elutips (Schleicher and Schuell),
phenol extraction, and repeated ethanol precipitation, and
were dissolved in double-distilled water at a final concentra-
tion of 1.5 pg/ml.

Transgenic animals and lines. C57BL/6J x CBA F, females
were superovulated by treatment with pregnant mare’s se-
rum and human chorionic gonadotropin (27) and mated with
F, males. About 2 pl of DNA solution was injected into the
more convenient pronucleus of each egg, and eggs were
incubated in culture medium overnight. Two-cell embryos
were introduced into pseudopregnant MF1 foster mothers.
Transgenic mice were identified by Southern blot analysis of
tail DNA. Transgenic females were mated to CS7BL/6J X
CBA F, males. Copy number estimates of the transgene
were determined from Southern blot data.

Assessment of fertility. Male mice were housed with two
female mice each, for a minimum of 7 weeks. Females were
checked daily until vaginal plugs were seen. The fertility of
an equal number of nontransgenic male siblings was tested in
the same way, and all were found to be fertile.

Thymidine kinase assay. Thymidine kinase assays were
carried out as described (6), but 0.4 mM TTP was added to
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inhibit endogenous thymidine kinase (29). Each determina-
tion involved equal portions of duplicate assays taken at
three time intervals. The unit of thymidine kinase activity is
the amount of enzyme which catalyzes the formation of 1
pmol of TMP in 1 min. Protein was determined by the
Bradford method (5).

Northern blots and run-on transcription. RNA was pre-
pared by a guanidinium thiocyanate method (9), and North-
ern blot analysis was performed as described (54) using
Hybond-N (Amersham) and random-primed probe synthesis
to a specific activity of approximately 10° cpm/pg. Probe A,
the BamHI-to-BamHI HSV fragment of pTK1 (59), overlaps
the HSV portion of the two constructs completely. Probe B,
an 840-bp Ps:tl fragment of pTK1, overlaps 806 bp between
the point of fusion with the BS6 promoter region and a PstI
site internal to the tk coding region. Marker RNA was made
by run-off transcription of plasmid DNA containing a 1,922-
bp EcoRI-Pvull fragment of pTK1 inserted in the polylinker
region of pT7.1 (United States Biochemicals) 10 bp down-
stream of the T7 RNA polymerase transcription initiation
site. The plasmid was digested separately with Accl, Banl,
Smal, and Narl, and each fragment was transcribed in the
presence of low-specific-activity [PHJUTP to generate RNA
fragments 434, 1,009, 1,306, and 1,816 nucleotides long.
After recovery, these were combined to make a set of
markers. Run-on transcription assays were performed as
described (54). The plasmid target sequences were pTKI1,
MUP11 (10), and LVB6 (54).

RESULTS

We linked 2.2 kb of 5'-BS6 sequence to HSV rk, with the
junction point between the BS6 cap site and the HSV tk
initiation codon (Fig. 1). To facilitate the rescue of the hybrid
gene from the genomic DNA of transgenic mice, the BS6-tk-
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FIG. 1. Structures of hybrid genes. The restriction site map shows key sites as follows: E, EcoRI; P, Pvull; Ps, Pst1; H, Hindlll; K, Kpnl;
1, the Sau3 Al-polylinker-BglII fusion between the BS6 promoter and the HSV tk sequence, shown in the nucleotide sequence above; 2, the
BstEII-Sall fusion between the HSV sequence and the M13tg130 polylinker. The BS6-tk-M fragment was separated from SV40 and vector
sequences by digestion with HindIII, and the BS6-tk-supF fragment was separated by digestion with HindIII and Kpnl. For other details see

the text.
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TABLE 1. Transmission of foreign genes from
G, to G, transgenics

G, offspring
Gy line Sex
Total Transgenic (%)

40¢ F 44 409
46¢ F 58 15 (26)
584 F 31 11 (35)
62 F 18 0 (0)
644 F 21 6 (29)
784 F 26 13 (50)
66 M 49 0(0)
79 M 31 0(0)
48 M Sterile

49 M Sterile

51 M Sterile

“ Founders of transgenic lines.

supF construct contains the bacterial amber suppressor
tRNA gene supF (19). This hybrid gene, freed from the SV40
and vector sequences, was microinjected into the pronuclei
of fertilized mouse eggs. Of 40 live-born pups, 11 were
identified as transgenic. From these, five ‘‘lines’” were
established, all from G, females (Table 1). Here a line is a
group of male and female mice descended from the same G,
female and containing the same transgenic insertion of
foreign DNA.

Expression of the hybrid gene in liver, testis, and preputial
gland. Expression of the hybrid gene was studied by probing
Northern blots with probes specific for HSV tk and by
assaying HSV thymidine kinase activity in tissue homoge-
nates. Group 1 MUP mRNA is present in male and female
liver and also in small amounts in the prelactation mammary
gland, but not in other tissues (25, 50). The foreign HSV tk
mRNA and thymidine kinase activity, however, were con-
sistently present not only in male and female liver but also in
testis and in preputial glands.

The expected size of a transcript running from the BS6 cap
site to the tk polyadenylation site is 1.3 kb. An RNA of this
size was detected in male liver RNA from four of five lines,
in testis RNA of five of five lines, and in male preputial gland
RNA of four of five lines. The amount of this RNA is lowest
in liver and highest in testis (Fig. 2). Each tissue contains a
second smaller RNA that reacts with the tk probe to the
same (testis) or a lesser (liver, preputial gland) extent than
the 1.3-kb RNA. The smaller liver and testis RN As are about
0.9 kb, and the preputial gland RNA is about 1 kb in size.
Figure 2 was obtained after hybridization with probe tk-A
(Fig. 1), which spans the entire HSV rk mRNA and the
3’-flanking region. When blots were hybridized with the
shorter probe tk-B, which corresponds to the 5’ end of the
HSV tk mRNA, the signal strength of the shorter liver and
testis RNAs was less relative to the 1.3-kb RNA. This is
consistent with transcriptional initiation of these RNAs
downstream of the cap site, a phenomenon previously ob-
served in cell lines carrying integrated HSV tk genes (47).
The lengths of the smaller RNAs and their signal intensities,
relative to the 1.3-kb RNA, are consistent within each
transgenic line. No RNA that reacted with the HSV tk probe
was detected in male lachrymal gland, salivary gland,
spleen, heart, kidney, muscle, or brain.

The five transgenic lines were compared more intensively
by means of thymidine kinase assays (Table 2). Tissues of
three G, males were also examined in this way. In our hands
the addition of 0.4 mM TTP to the assay (29) inhibited
endogenous thymidine kinase activities in different tissues

RELAXED EXPRESSION AND STERILITY IN TRANSGENIC MICE 4823

by 93 to 97%, and the residual endogenous activity in each
tissue was quite consistent. The same amount of TTP
inhibited HSV thymidine kinase by about 50%, so that even
relatively low levels could be measured quite accurately. In
most cases in which both mRNA determinations and enzyme
activity measurements were made, the two were in broad
agreement. Exceptions were the detection of low enzyme
levels but no mRNA in line 64 female liver (see Table 4) and
line 58 lachrymal gland (Table 2). In particular, the enzyme
assays confirmed the expression of the foreign gene in the
liver of four of five lines and, at higher levels, in the preputial
glands of four of five lines and testes of all five lines (Table
3).

If the supF gene which is incorporated at the 3’ end of the
hybrid gene were contributing to the expression pattern of
the gene, its usefulness would be seriously reduced. To
examine this possibility, the BS6-tk-M hybrid gene, which
lacks the supF DNA fragment (Fig. 1), was also introduced
into mice. Five transgenic G, animals were obtained, and
two transgenic lines were established from G, females.
Thymidine kinase assays again showed expression in liver
and higher expression in testis and preputial gland (Table 2).
The similarity of these results to those obtained with the
construct which contains supF indicates that the supF gene
does not influence the expression of this hybrid gene.

Two features of the expression of the foreign gene are line
specific. (i) Sporadic or occasional expression: we observed
thymidine kinase expression in the lachrymal gland of one of
four lines tested, and the absence of preputial gland expres-
sion in one of five lines and of liver expression in one of five
lines (Table 2). (ii) Relative levels of expression: the relative
levels of expression in different tissues are also line specific
(Table 3). With the exception of lines 58 and 78, each line
shows a different expression pattern. Line-specific features
of expression in transgenics most probably relate to the
different chromosomal integration events which characterize
the different lines.

Sexually dimorphic expression of the BS6-tk hybrid gene. In
three of five transgenic lines, male liver showed higher levels
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FIG. 2. HSV tk RNA in tissues of a transgenic mouse. Total
cellular RNA from tissues of an adult male mouse of line 46 was
applied to the gel, 30 ug to each track except for 10 pg of preputial
gland RNA. The filter was hybridized with probe A and exposed for
(A) 24 h and (B and C) 3 days. B and C are two printings of the 3-day
exposure. SVEPtk, RNA from BHKtk™ cells stably transformed
with a plasmid containing HSV tk linked directly to the SV40
enhancer-early promoter region; —ve liver, nontransgenic liver
RNA.
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TABLE 2. HSV thymidine kinase activities in tissues of male transgenic and control mice

Transgenic (BS6-tk-supF)

Transgenic (BS6-tk-M) Controls®: mean

Tissue activity = S.E.
Lines® Go° Total? axii?:; . Lines? Gy° Total acbt{ii?t';" (no. of mi:e assayed)
Liver 4/5 2/3 6/8 3.8 22 171 33 0.8 0.015 = 0.007 (12)
Preputial gland 4/5 2/3 6/8 25 22 11 3/3 79 0.103 = 0.033 (10)
Testis 5/5 2/3 7/8 64 2/2 11 3/3 119 0.069 + 0.028 (8)
Lachrymal gland 173 0/1 1/4 2.1 0/1 ND 0/1 0.023 + 0.008 (4)
Salivary gland 03 0/1 0/4 01 ND 0/1 0.008 + 0.003 (6)
Brain 0/3 0/3 0/6 0/1 ND 0/1 0.270 = 0.029 (10)
Kidney 0/5 02 0/7 0/1 01 0/2 0.051 = 0.012 (21)
Muscle 0/3 ND 0/3 0/1 ND 01 0.009 + 0.002 (4)

¢ Nontransgenic littermates.

b Lines founded from G, females; lines positive/lines tested.

¢ Gy males, individuals positive/individuals tested. ND, Not determined.
4 One G, male showed no activity in any tissue.

¢ Thymidine Kinase activity, units per milligram of protein, mean of line means and G, values (positive lines and Ggs only), not weighted for numbers of
determinations per line mean. Among the G, males there are potential mosaics, which will depress the average values. Zero values were not significantly different

from endogenous values measured under the same conditions.

of HSV thymidine kinase activity than female liver (Table 4).
The two exceptions were line 40, which shows no activity in
liver of either sex, and line 64, in which male and female liver
have similar activity levels. Of the three lines with sexually
dimorphic HSV tk activity, the male-to-female ratio of line
46 was about 10, while the ratio in lines 58 and 78 was about
4. These ratios compare with a ratio of 5 to 10 in liver MUP
mRNA levels (23; McIntosh and Bishop, in preparation).

As noted above, HSV tk RNA was present in male liver
RNA of four of five lines (lines 46, 58, 64, and 78). HSV tk
RNA was detected in liver of line 58 females but not in liver
of line 46 or 64 females, presumably because of the low
levels of RNA present. (Line 78 females have not been
examined.)

The different levels of MUP mRNA in male and female
liver reflect different transcription rates (18). It was therefore
of interest to determine by run-on transcription measure-
ments whether the different expression levels of the trans-
gene in males and females are also due to differential
transcription. The experiments were controlled by simulta-
neously measuring the run-on transcription of the group 1
Mup genes and also of the apolipoprotein Al genes, which
do not show sexually dimorphic expression (T. Spiegelberg
and J. O. Bishop, unpublished data). The results (Fig. 3 and
Table 5) support the hypothesis that the levels of HSV
thymidine kinase activity in liver of male and female trans-
genics reflect different rates of transcription in the two sexes.
In line 40, which has no thymidine kinase activity in the liver
of either sex, no HSV tk transcription was detected. In line
46, which has thymidine kinase activity in the livers of both

TABLE 3. HSV thymidine kinase activities in male
tissues of transgenic mouse lines

Thymidine kinase? in tissue

Line Copg'

no. Liver Preputial gland Testis
40 10 0.05+0.04(4) 12.0=*0.39(22) 140 =6.7(3)
46 80 1.9+032@8) 83.1*199((2) 139 +17.6(Q)
58 3 582 +1.1503) 99 +26(@3) 31 +£10.5Q)
64 2 1.52 £0.71 (2) 0.04 = 0.03 (2) 48 *+ 6.0 (2)
78 1 1273 £ 1.85@3) 321 x53Q) 62 +8.4(3)

¢ Approximate.
® Units per milligram of protein; means and standard errors. Parentheses
indicate n.

sexes, but at a much lower level in females, transcription
was detected in male but not female liver nuclei. In lines 58
and 78, which have a male/female liver thymidine kinase
activity ratio of about 4, the male/female run-on transcrip-
tion ratios were 6.5 and 2.5, respectively. Line 46 contains
about 80 tandemly arranged copies of the hybrid gene per
cell, while lines 58 and 78 contain about 3 and 1 copies,
respectively (Table 3). Transcription rate, in common with
enzymatic activity, is clearly independent of copy number.

The Mup gene target sequence used in these experiments
is expected to react with all of the group 1 Mup gene
transcripts. Our best estimate of the level of expression of
BS6 is that it accounts for 25% or less of total Mup gene
mRNA in male liver (McIntosh and Bishop, in preparation).
By an independent estimate based on cDNA cloning fre-
quency, an mRNA identical to BS6 mRNA has been shown
to be very abundant in male liver mRNA (51). In the male
transgenics the rate of run-on transcription of HSV k is
about 15% as high as that of all of the Mup genes taken
together (Table S). We recall that a proportion of the liver
HSV tk mRNA is unexpectedly small in size (Fig. 2). How
much of the primary transcript corresponds to this smaller
mRNA is not known, and consequently a rigorous quantita-
tive interpretation of the run-on data is not possible at this
time. However, they do suggest that the rate of transcription
of the hybrid gene in line 58 and line 78 liver is comparable
to that of the endogenous BS6 gene.

Testosterone induction of HSV thymidine kinase activity.
We have observed considerable variation in expression
between individuals within each transgenic line (see stan-

TABLE 4. Sexually dimorphic expression of HSV thymidine
kinase in liver of transgenic mouse lines

. Enzyme activity® f test?
Line
Male Female P

40 0.05 = 0.04 (4) 03

46 1.9 +0.32(8) 0.17 = 0.16 (8) <0.001
58 582 *+1.15(3) 1.49 = 0.1 (2) <0.1
64 1.52 + 0.71 2) 2.35 £ 0.32Q2)

78 12.73 = 1.85 (3) 2.80 = 0.59 (3) <0.01

@ Units per milligram of protein; means and standard errors. Parentheses
indicate n.

® Probability that male and female samples are drawn from the same
population.
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TABLE 5. Run-on transcription of BS6-tk and Mup genes in
transgenic liver

Transcription rate® Thymidine kinase activity®

Line

Male Female M/F Male Female M/F
40 0 0 0 0
46 0.15 0 1.9 0.17 10.1
58 0.13 0.02 6.5 5.8 1.5 3.8
78 0.2 0.08 2.5 12.7 2.8 4.3

% The data are based on densitometer readings of autoradiographs. Each
value is the ratio of the HSV rk measurement to the Mup measurement
obtained from male liver nuclei in the same experiment. Variation within and
between experiments was compensated by normalizing the other measure-
ments to the run-on value observed for apolipoprotein Al with RNA from the
same incubation of nuclei.

b Average thymidine kinase activity measurements from Table 4.

dard errors in Tables 3 and 4), which could complicate the
interpretation of testosterone induction experiments. For
this reason the induction experiments were carried out with
females of line 46, which consistently show very low HSV
thymidine kinase activity in the liver (Table 4). Testosterone
pellets were implanted subcutaneously 12 to 14 days before
the livers were analyzed. Control transgenic littermates were
sham-operated at the same time. Testosterone treatment did
not elicit any change in thymidine kinase activity in non-
transgenic female liver. The results (Fig. 4A) clearly show
that HSV thymidine kinase activity is induced by testoste-
rone. Northern blot analysis of mRNA from induced and
noninduced female liver showed induction of HSV tk RNA
levels (Fig. 4B).

Liver HSV thymidine kinase activity in the induced fe-
males was on average 37% of the level in noninduced males,
whereas in normal females MUP is induced to male levels
(14, 58). This difference may relate to the very low HSV
thymidine kinase levels in livers of noninduced line 46
females. For example, if, like the a,,-globulin genes (36),
Mup genes are repressed by estrogen, the hybrid genes in
line 46 may be more sensitive to estrogen repression. Other
explanations are of course possible. The results, however,
do show clearly that in line 46 the expression of the hybrid
gene is induced by testosterone.

Sterility of male transgenic mice that carry the BS6-tk
hybrid gene. Three of five BS6-tk-supF G, males and two of
three BS6-tk-M G, males were sterile. None of the fertile G,
males transmitted the hybrid gene to their offspring. In
addition, in seven of seven transgenic lines the males were
invariably sterile. Two exceptional mice, one from line 58

tk
MUP @ + &

pUCS8
LPA1 @ & &

M1 F1 M2

FIG. 3. Sex difference in run-on transcription rate of the BS6-tk
hybrid gene in transgenic liver. M1, Transgenic male; F1, transgenic
female; M2, nontransgenic male. Immobilized target sequences: tk,
HSV tk; MUP, MUP11 cDNA; LPA1, apolipoprotein A1 cDNA.
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FIG. 4. Induction of the expression of the BS6-tk hybrid gene in
line 46 female liver. (A) HSV thymidine kinase levels. F1, Transge-
nic females, testosterone induced; F2, transgenic females, sham
operated; F3, nontransgenic females, testosterone induced; M1,
transgenic males; M2, nontransgenic males. Thymidine kinase is
expressed as picomoles of TMP formed per minute per milligram of
soluble protein. (B) HSV tk RNA and MUP mRNA. Poly(A) RNA
was partially purified by treating liver RNA with Hybond-mAP
(Amersham), and 30 pg was applied to each track. The filter was (1)
hybridized with probe B and then (2) stripped and rehybridized with
group 1 MUP cDNA probe MUP1l. F1, Transgenic females,
testosterone induced; F2, transgenic females, sham operated; F3,
nontransgenic females, testosterone induced.

and one from a BS6-tk-M line, each sired a single offspring of
unknown transgenic status. No further offspring were sired
despite repeated mating. These mice, and also all the com-
pletely sterile mice tested, plugged females in the normal
way. The female transgenics exhibited normal fertility.
While no HSV thymidine kinase was detected in ovaries
(data not shown), expression in the follicles themselves
would be obscured by the large excess of nongerminal
tissue. The transgenic males have reduced sperm counts,
and most of the spermatozoa are structurally abnormal to
varying degrees. Thus sperm maturation seems to be im-
paired rather than absolutely blocked, and this is confirmed
by the two offspring sired.

DISCUSSION

Consistent tissue-specific expression and sexual dimor-
phism. We have shown that a 2.2-kb group 1 Mup gene
promoter region and cap site consistently direct synthesis of
the HSV tk reporter gene to the liver, preputial gland, and
testis. Expression in the liver mirrors the expression of the
endogenous group 1 Mup genes; three of four lines showed
differential expression in males and females, and when
females of one of the lines were treated with testosterone,
elevated levels of both HSV tk RNA and thymidine kinase
activity resulted. Thus many or all of the cis-acting signals
necessary for correct Mup expression in the liver appear to
be present within the 2.2-kb promoter fragment. Run-on
experiments showed that the different levels of HSV tk RNA
and thymidine kinase activity in males and females are due at
least in part to different rates of transcription. By analogy
with the mechanism of action of other steroid hormones (61),
the data suggest that testosterone, through its receptor, is
acting on sequences within the 2.2-kb BS6 promoter region
to increase transcription. As yet it is not known whether the
cis-acting signals responsible for the effects of thyroxine and
growth hormone on MUP RNA synthesis in the liver (33, 54)
are also present.

In the livers of lines 58 and 78, both of which carry a small
number of foreign genes, the rate of HSV rk transcription
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seems to be comparable to that of a Mup gene. The steady-
state level of HSV rk RNA, although not measured with
accuracy, is known to be very much less than that of MUP
RNA, implying that the stability of the HSV tk RNA is less
or that its processing is defective. The low HSV tk RNA
content of liver is reflected in low levels of HSV thymidine
kinase protein. In line 78 liver, the most highly expressing,
the thymidine kinase (having allowed for TTP inhibition)
forms about 25 pmol of TMP per min per mg of soluble liver
protein. Taking the soluble protein content of a liver to be
100 mg and the specific activity of purified HSV thymidine
kinase as 67 nmol of TMP formed per min per mg (8), the
total amount of HSV thymidine kinase protein in the liver is
about 0.04 mg. This may be compared with a MUP produc-
tion rate of 10 mg per male mouse per day (58).

Consistent misexpression. It is frequently found that a
foreign gene is correctly expressed in transgenic mice,
sometimes to the extent that the timing of expression is
correct (for example, see references 1, 22, 34, 40, 46, and
57). Misexpression is most often observed with hybrid genes
like the BS6-tk fusion gene described here. So long as
misexpression is consistent, its study can lead to insights
into mechanisms of gene regulation. Also, insight into mis-
expression is important in relation to attempts to direct the
synthesis of proteins to novel tissues for commercial pur-
poses (21, 53).

The consistent expression of the BS6-tk gene in preputial
gland and testis is unexpected, since the Mup genes are not
expressed in either tissue. While the level of expression both
of RNA and of thymidine kinase activity in both tissues is
higher, sometimes much higher, than in liver, we have not
measured transcription rates in these tissues, and the differ-
ences may be due to RNA processing or stability differences
rather than to transcription rates themselves.

Consistent misexpression of foreign genes has been ob-
served before (2, 4, 38, 42, 45, 56). If, as seems likely, it is
due to changes in transcriptional behavior rather than in-
creased RNA stability, it may be explained in either of two
ways. Either (i) the hybrid gene lacks cis-acting ‘‘silencer’’
sequences which are required for repression of the endoge-
nous gene in preputial gland and testis and which are located
outside the 2.2-kb promoter region, or (ii) it contains newly
created sequences or a new combination of sequences which
activate its transcription in these tissues (56). We are pres-
ently attempting to distinguish between these alternatives.

The a,,-globulins, the rat homologs of the Mup genes,
show a similar pattern of gene expression (37, 39). A clear
difference in the expression of the rat and mouse genes,
however, is that a,,-globulin is expressed at a high level in
male and female preputial gland, while Mup is not expressed
in the preputial gland (24, 39). However, an a,,-globulin
gene is expressed as a foreign gene in the preputial glands of
transgenic mice (16). One interpretation of this observation
is that the natural rat gene lacks a silencer sequence which is
present in the mouse genes, resulting in its expression in
mouse preputial glands despite the presence in the mouse
tissue of the corresponding frans-acting repressor protein
(16). The BS6-tk hybrid gene was consistently expressed not
only in male and female preputial glands but also in testis. If
misexpression in preputial gland and testis were due to the
same cause, we might expect there to be a,,-globulin expres-
sion in rat testis. However, no a,,-globulin mRNA could be
detected by Northern blotting (data not shown). Appropriate
controls showed that the testis RNA used in this experiment
was not degraded. This observation suggests either that the
misexpression of the hybrid Mup gene in preputial gland and
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testis has different causes, or else, if there is a common
cause, that it is independent of the causes of a,,-globulin
expression in rat and mouse preputial glands. Two observa-
tions suggest that different causes bring about the misexpres-
sion of the hybrid gene in the preputial gland and testis.
First, expression in the testis occurs in a transgenic line with
no preputial gland expression. Second, the smaller preputial
gland and testis RNAs differ from each other in size and in
their hybridization to different probes.

Despite some variability between mice within each trans-
genic line, the pattern of expression levels in liver, preputial
gland, and testis is line specific. Line-specific effects are
assumed to be due to the uniqueness of different chromo-
somal integration events. These events differ in several
ways. Different sites may contain different numbers and
different arrangements (head-to-head, head-to-tail, tail-to-
tail) and rearrangements of the integrated foreign genes. In
addition, flanking DNA sequences at different chromosomal
sites of integration are thought possibly to influence tran-
scription of the foreign genes through ‘‘position effects.’’ In
the present case no correlation has been detected between
copy number and expression in any tissue (Table 3), a
common observation in transgenics (17, 44). The question of
whether the different patterns of expression are due to
arrangements, rearrangements, or position effects has not
been addressed. Lines 58, 64, and 78, all of which contain a
small number of integrated gene copies, provide convenient
models with which to distinguish these causes.

Transgenic male sterility is due to HSV thymidine kinase
activity in the testis. All of the established lines show both
consistent male sterility and a high level of HSV thymidine
kinase in the testis. In contrast, line 40 shows no liver HSV
thymidine kinase activity and line 64 shows no preputial
gland HSV thymidine kinase activity, although both lines are
consistently male sterile. Thus testis expression of HSV
thymidine kinase is the likely cause of male sterility, and
both liver and preputial gland expression can be ruled out as
the sole cause.

Minor exceptions to the sterility of transgenic males were
observed. First, three G, males (two carrying BS6-tk-supF
and one with BS6-tk-M) sired offspring, none of which were
transgenic. G, male 79 had no testis HSV thymidine kinase
activity, and indeed showed no thymidine kinase activity in
any tissue. This male presumably carried transcriptionally
inert copies of the hybrid gene and in addition was a mosaic
with nontransgenic germ cells. G, male 66 had a very low
level of testis HSV thymidine kinase activity (60% over the
endogenous level, after discounting TTP inhibition). This
male may be explained in either of two ways. He may have
had a mosaic germ line, with the implication that germ cells
carrying the transgene were ineffectual or possibly very few
in number. Alternatively, he may have had a nontransgenic
germ line, carrying the active hybrid gene in testicular
somatic tissue. Expression in the third G, male, which
carries BS6-tk-M, has not yet been examined. Secondly, 2
G, transgenic males, out of 21 G, and G, males tested, each
sired a single offspring, but although repeatedly mated
thereafter failed to sire more. This shows that the sterile
males form some functional sperm. The mice are oligosper-
mic rather than aspermic.

Some lines of mice transgenic for HSV tk linked to the
mouse mammary tumor virus long terminal repeat express
HSV thymidine kinase in the testis (48) and are also sterile
(S. Ross and D. Solter, personal communication). However,
at least one fertile mouse line which expresses HSV thymi-
dine Kinase in the testis has been reported (32). In this case
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the HSV tk gene was under the control of its natural
promoter. Thus expression of HSV thymidine kinase in the
testis does not invariably lead to sterility. One possible
explanation is that lower expression levels do not cause
sterility; the HSV thymidine kinase activity level in the
fertile line is about 3 times the endogenous level (32),
whereas the lowest level among our sterile lines (line 58) is
about 12 times the endogenous level. However, since the
testis contains several cell types with different functions and
since sperm differentiation is a slow process accompanied by
changes in both the germ cells and accessory cells (60), an
alternative explanation is that sterility is linked to expression
in particular cell types or at particular developmental stages.
This explanation is especially plausible because HSV 1k
expression is under the control of different promoters in the
different experiments. Furthermore, the expression of the
mouse mammary tumor virus tk hybrid gene which confers
sterility may, like that of BS6-tk, be induced by testosterone
(7, 15).

Given that sterility is due to HSV thymidine kinase
expression in one or more testis cell types, there are several
ways in which the enzyme could have its effect. First, its
substrate specificity is different from that of the cellular
enzyme, and it efficiently phosphorylates deoxycytidine
(28). Second, the high levels of phosphorylated deoxynu-
cleosides produced by high levels of the enzyme will inhibit
the normal pathway of pyrimidine phosphate metabolism
(30). Third, HSV thymidine kinase may be active at times in
the cell cycle when the cellular enzyme is normally re-
pressed (26, 41, 55). Any of these could perturb cellular
metabolism, primarily of nucleic acid precursors, but with
secondary effects on related pathways. Transgenic mice
expressing a mutant form of dihydrofolate reductase, which
is also involved in pyrimidine metabolism, show reduced
growth, reduced female fertility, and morphological defects
(20).
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